Abstract-This paper presents a method which can consider the space dependence of the heat transfer coefficient of heat exchanger units or surfaces in evaluating heat transfer performance of a system by a single-blow technique. The perfurman~e-evafuarion an&sis is conducted in the Laplace transformed domain. Cubic spline ~oiyuomi~ls are employed to fit the measured inlet and exit fluid temperatures. Also the conventional analysis method is improved through a modified mathematical modelfing for a better accuracy. The methods at"e applied to evaluate the heat transfer performance in stationary and rotating ~ar~lel-disk assemblies.
INTRODUCTKNU
S-mmw state and transient state methods have been employed to determine the heat transfer coefficient between the transfer surface or matrix in the heat exchanger and the Rowing fluid [I] . The former keeps the system steady with a constant heat source, while the latter introduces a perturbation to the system and observes the response of the system to the perturbation. Generally the analysis of a transient method is more comphcaied than that of a steady method and also requires more assumptions. The additional assumptions in a transient method may render less accurate evaluation and it can be a we& point of a transimt method. A transient method, however, requires much fess time, effort and money than a steady st,ate method. This is the main advantage of a transient method and is the reason for its wide use. Also there are some systems where a steady state method is virtuahy not appkabfe and a transient method should be used such as the systems indicated in ref. [2] . A brief survey on the literature pertinent to performance test methods is presented in ref. 111 and thus wih not be repeated here.
The assumptions in the transient methods may not be fuIfy validated in practice. Then, those a,ssumptions come to work as the source of the fess accurate evaluation. In this paper, some of the required assumptions of the conventional transient methods are removed through improved mathematical modelhng for a better accuracy.
In the transient method case, the outlet fluid temperature varies with time as the inlet tem~~~ture and convective heat transfer become time dependent. It results in timewise changes in the enthalpies of both the surface and the Auid in the system. Its solution is then matched with the measured exit fluid temperature response curve to determine the heat transfer coefkient. A heating screen installed upstream of the test core is c~rnrn~~~~ utilized as a heat sounz Two typical time functions of the inlet &id temperature q,(t) have been employed : a stepwise change and a sinusoidal change in 7&,(t) for transient response and frequency response methods, respectiv&y. The former is commonly employed [X, 3- In response to an on-or-o~o~er~tion of the heating element, conventional data reduction is used to determine k, using the maximum sfope of the exit fluid temperature curve T,(s The conventional means of performance evaluation have been analyzed in the time domain [1, . It is to determine the average heat transfer coefficient in the entire test core by matching the theoretical and measured exit fluid temperature response curves. However, when T,(t) responds with a time delay at small times and a steady increase at large times, as shown in Fig. 1 , neither the maximum slope nor the initial fractional step rise at zero time can adequately characterize such a T,(t) curve. Since the entire measured T,(t) curve must be fed into the theoretical calf(S) culation, a more sophisticated form of describing the curve is desired for higher accuracy in the final,result. It is also important to note that the time-domain analysis cannot consider the space dependence of the local heat transfer coefficient in a test core. This paper improves the accuracy of the conventionat time-domain analysis and also develops a new Laplace-domain analysis which can consider the space dependence of the local heat transfer coefficient in a heat exchanging device under single-blow testing. Cubic spline polynomials are employed to describe the measured inlet and outlet fluid temperatures. Thus, the methods provide greater flexibility in design of the testing facility, a broader application to any system geometry under any testing conditions, and better accuracy, The application of the methods is demonstrated through the determination of the heat transfer performance in stationary and rotating parallel-disk assemblies.
ANALYSIS
Consider an incompressible fluid flowing radially outward through two co-rotating parallel circular disks of spacing B. Let r,, and r, be the inner and outer radii of the disks, respectively. A cylindrical coordinate system (v, 6, z) is used with the origin fixed at the center between the disks on the axis of rotation. The radial distance from the rotational axis is Y. Both the fluid and surface temperatures, r, and T,, respectively, are considered one-dimensional in the r-direction and are time dependent, namely T&,f) and T,(r, t). The beat balance leads to the following equations : 
where the temperature coordinate was shifted so that the initial temperature can be expressed as zero. Applying the Laplace transformation to equations (1) and (2) with the assumption that h is constant with regard to time and the definition of
Here, i;, and Fin are the Laplace transfo~ed functions of the fluid temperature 7; at the exit and inlet, respectively. The dummy variable in the Laplace transformation is represented by p and
Equation (6) is the equation for dete~ining Ir in convective heat transfer through co-rotating or stationary parallel disks. Two approaches can be followed : time-and Laplace-domain analyses.
Time-domain analysis
Taking an inverse Laplace transformation of equation (6) results in
in which
In equation (S), T,(t) and T&(t) are known through the recordings of the the~ocouples installed at the exit and inlet, respectively, while h(x) is the known quantity to be determined. Because of the mathematical difficulty in solving equation (8), h is assumed to be uniform in space, as h, whose correct value will be determined by a trial-and-error procedure. Equation (8) can then be written as :
where I, is the modified Bessel function of the first kind and C* = xe/af; E = bsb,x,Je~2/a,
The advantage of equation (IOb) over the previous method [fl is that the Laplace transfo~ation of 7;, is not required and Ti, can be any arbitrary function of time. In practice, T,, has been forced to be a simple function due to the di~culty in the required Laplace transformation. Therefore, the present method provides a greater flexibility in the construction of the air heating system and a better accuracy in h.
In this study, both the inlet and exit fluid temperatures are approximated by cubic spline polynomials fl 51. The measured response curves of the inlet and exit fluid temperatures are divided into n time intervals and a cubic spline polynomial is established in each subinterval ti < f < ti+ , as T(t) = i S,(t)(a,+bit+c,t'+djf3). (12) i= I Here $(t) = 1 for ti < t < t;, ,
where ti and t,, , denote two end points of the ith subinterval, while ai, b,, c, and d, are the coefficients of the polynomials at the ith subinterval. Under an ideal situation in which the heat transfer coefficient h is uniform with space and time, h can be determined from equation (10) by an iterative procedure using any single value on a response curve of T,. However, in reality, 6 may change with space and time. As a result, the value of h differs depending on the selection of a point on the T, curve. In order to overcome this difficulty an optimum value, L*, of the heat transfer coefficient /i is sought which yields a minimum o defined as Here, tH, and tL, are the upper and lower time limits, respectively, while T,, and T,, represent the measured and calculated exit fluid temperatures, respectively.
Laplace-domain analysis
The Laplace-domain analysis is similar to the timedomain analysis in that the calculated exit temperature is compared to the measured exit temperature to find the system heat transfer coefficient. The comparison, however, is made through the Laplace transformed functions of the two exit temperatures with equation (6) and it enables one to consider the space dependence of the heat transfer coefficient.
As in the time-domain analysis, cubic polynomials are used to approximate the inlet and exit fluid temperatures in equation (6). The Laplace transformation of the polynomial in equation (12) is (16) wheni=n,t,+,+co.
The right-hand side of equation (6) can be calculated for a given p using equation (15) . On the lefthand side, every quantity is known at a givenp except h. Information on the spatial distribution of h should be prescribed in advance to find the value of the lefthand side of equation (6) 
where g is a scale factor and /Q.,(X) is an assumed distribution function, which can be chosen from one's experience or results of numerical analysis. Five representative profiles of IzN(x) tested in this study are shown in Fig. 2 . The distributions of local heat transfer coefficients (in dimensionless form as local Nusselt numbers) were theoretically studied for laminar [18] and turbulent [19] flow inside parallel disks. With hN(x) and p specified, equation (17) is substituted into equation (6) to determine g through an iterative procedure.
The remaining question is how large should the dummy variable p in the Laplace transformation be. A reasonable value ofp can be found from the characteristics of the Laplace transformation.
The exponential factor, exp (-pt), in the transformation can be interpreted as a weighting factor. Transformation with a large p puts a larger relative weight on a function in small t and transformation with a small p reduces the weight on the function in small t and increases the weight on large t as shown in Fig. 3 . If available data are for the time interval from t = 0 to t,,,, the weighting factor for t > t,, should not be larger than a certain value, say, wL. This defines a lower bound of possible p for analysis. If one's interest is on the time interval from t = 0 to tHpr the weighting factor for t < tHp (Fig. 3) should not be smaller than a certain value, say, I+ and defines an upper bound of possible p. So, a reasonable choice of p is bounded by -In wi_ -lnw,
Comparison between Laplace-and time-domain analyses
The Laplace-and time-domain analyses are related by the definition of Laplace transforms. However, the former has merits and shortcomings in comparison with the latter. The Laplace-domain analysis permits spacewise variation in the heat transfer coefficient and its results are more accurate than those from the timedomain analysis. The shortcomings of the Laplacedomain analysis include : (a) a need for a longer testing time (for u'u = 0.2 and wL = 0.01, it takes approximately three times longer than that required for the time-domain analysis) ; (b) less flexibility in the selection of the arbitrary time interval. The Laplacedomain analysis uses a continuous recording of T, from zero time. It cannot skip small times where larger errors are involved due to the steep response of the exit fluid temperature. In contrast, the small-time regime can be excluded in the time-domain analysis by selecting proper fHt and fLI to be used in equation (14) .
Since the heat transfer coefficient is taken to be uniformly distributed in the time-domain analysis, the Laplace-domain analysis with a flat AN(x) should produce the same result with the time-domain analysis or vice versa. This point was checked in sample tests with the combinations of R, = 0, 3 and Re = 530, 1850. The discrepancies between the two analyses were found to be within 4% in these tests.
TEST APPARATUS
The test apparatus consisted of a blower, a heating element, a disk assembly and devices for measurement and recording of temperature and velocity of flow as shown in Fig. 4 . Air was forced to flow through the heating element by a centrifugal blower which was driven by a G.E. dynamometer. The heating element, consisting of a nichrome wire screen of 100 x 100 mesh per square inch with a 0.00787 cm diameter, was powered from a variable current ac. welding coil. The heated air in the temperature range of 40-60°C was guided into the disk assembly, which consisted of five annular aluminum disks with a 0.5 mm thickness, an outside diameter of 31 cm and an inside diameter of 16 cm installed coaxially and in parallel at a spacing of 0.38 cm. Four spacers of 1 cm diameter were used between the disks midway between the inner radius and the outer radius at right angles to each other for uniform spacing of disks. To suppress the vibration of the disks, small pads were installed between the two disks at four different locations in the circumference of the disks. Air flow rate was measured by a pitot tube which was installed upstream of the heating element. The difference between static and stagnation pressure was measured at seven different positions in the channel by traversing with the pitot tube. The pitot tube was connected to.a Barocel pressure sensor, type 523-1, and the sensor was connected to a Barocel Electronic manometer, type 1023. The total air flow rate was calculated by taking an integration of these measurements across the channel, assuming angular symmetry. Temperature was measured at the inlet and at the outlet of the disk assembly by thermocouples of 40 gage copper-constantan.
At each place, four pairs of thermocouples were installed in series.
The tem~rature signal from the thermocouples was amplified by a homemade amplifier based on an LM324N chip and then recorded continuously by a Honeywell model 1406 visicorder. The sequence of actual measurements was: (1) let air flow into the system and then wait until the system reaches a steady state; (2) start recording temperature changes at the inlet and outlet; (3) turn on the heater; (4) keep recording temperatures over a certain interval of time and (5) turn off the power to the heater and the recorder.
An error analysis was conducted to determine the uncertainties in the experimental data by utilizing the method described in ref. [17] . The best estimate of uncertainties were listed under three categories. The uncer~inty in Nu was estimated to be about 8% at all Re tested.
RESULTS AND DISCUSSION
Experiments were conducted on the disk assembly by varying the through-flow Reynolds number Re between 500 and 4000 and the rotation number R, from 0 to 3.5. The average heat transfer coefficient & was determined by both the improved Laplace-and time-domain analyses and was expressed in dimensionless form as the average Nusselt number N< in Figs. 5 and 6. Figure 5 shows the effects of the assumed profile of the heat transfer coefficient 12&) and thep chosen on the calculated value of the heat transfer coefficient. The top abscissa is the p coordinate, while the middle and the bottom abscissas are the time coordinates which indicate the time when the magnitude of the weighting factor w = exp (-pt) becomes 0.2 and 0.01, respectively, at the corresponding p. If wH and w,_ are taken to be 0.2 and 0.01, respectively, the middle coordinate is interpreted as the coordinate of the t,, and the bottom coordinate as the coordinate of t,,,. The fact that h is a function of time even though it was assumed constant makes the calculated h a function of p. Since the calculated h is the h averaged implicitly over the time and in that averaging process the related weighting factor, exp(-pt),
is not constant but a function of p and time as shown in Fig. 3 , the cal- 2 and 3 identify the corresponding cases in Fig. 2 . To check the effect of non-uniformity of h, all the distribution curves of h shown in Fig. 2 were tested in each case. The uniform profile in Fig. 2 yielded the lowest values of h or equivalently, Nu. Profile 2 yielded the highest value except in case D, where a solution to equation (6) was not found. This is an unrealistic profile as the rotation number is high in this case. Profile 3, which is more realistic, produced the highest value. The other profiles, 4 and 5, resulted in the intermediate value of Nu, not shown in Fig. 5 . As verified in this result, the calculated Nu depends on the profile of the heat transfer coefficient distribution and the level of the dependence is not so small that it can be safely neglected. By inserting the pre-knowledge on the spatial distribution of the heat transfer coefficient through I+,(x), one can increase the evaluation accuracy over the conventional single-blow analyses which assume the distribution is always flat regardless of the system conditions. in the calculation resulting from the time dependence of the heat transfer coefficient. The dependence of Nu on p is greater in stationary disk systems as observed in cases A and C in Fig. 5 . It was due to the presence of spacers in the disk assembly which not only broke the uniformity in the angular direction which was assumed in this study but also generated flow recirculation downstream.
The recirculation flow is generally unsteady. The effect decreases as the rotation number increases, since the angular motion of the fluid reduces non-uniformity.
The effect also decreases as the Reynolds number decreases because of the increase of the viscous effect at a lower Reynolds number. From this discussion it can be said that the dependence of the calculated /! on p is so small that it can be practically neglected in a system where the heat transfer coefficient is not highly unsteady and that the Laplace-domain analysis is a stable method. Figure 6 depicts the heat transfer performance obtained by the time-domain analysis as functions of the Reynolds and rotation numbers. It is observed that Nu increases with an increase in Re and/or R,. Upon extrapolation toward lower values of Re, all curves intersect with the ordinate at a value of Nu (defined based on B rather than B/2 as in ref. [20] ) between 3.8 and 4.1 which corresponds to the Nusselt numbers for laminar convective heat transfer in parallel channels having uniform wall temperature and uniform wall heat flux, respectively [20] . The reason for this convergence of Nu curves is due to the large diffusion effect of momentum at small Reynolds number flows. In a rotating flow, the heat transfer is influenced by the rotation effect only through the reshaping of the velocity profile of the radial velocity component u and the axial velocity component u. The u-v vector field is influenced by the centrifugal force. If the angular velocity component, W, is uniform across the channel, the velocity profile u-v is nearly all the same regardless of the value of w at a specified flow rate, because the centrifugal force field from the uniform w is also uniform and its net effect on the, uu, vector field disappears. In a low Reynolds number flow, the viscous effect (diffusion) is very large and the diffusion of angular momentum from a rotating disk to a fluid can be so rapid that the profile of the angular velocity component, W, is nearly uniform from the wall to the center. The rotation effect on heat transfer is practically zero and the heat transfer rate is the same as the rate of the non-rotating flow at the same low Reynolds number. Consequently, the radial flow and the non-radial flow come to have the same Nusselt number. This is also the reason for the higher rotation effect at a flow of a high Reynolds number.
CONCLUSIONS
A new Laplace-domain analysis has been developed and the conventional method has been improved for better performance evaluation of heat exchanger units or surfaces by a single-blow technique. The methods are demonstrated by an application to forced convection inside stationary and rotating parallel disks.
It is concluded that :
(1) On the Laplace-domain analysis : (i) the negligence of space dependence of heat transfer coefficient in the conventional single-blow techniques may result in errors which cannot be safely neglected in evaluating the average heat transfer coefficient; (ii) the Laplace-domain analysis in this study can consider the space dependence of the heat transfer coefficient of a system; (iii) the inlet fluid temperature is described by a cubic spline polynomial rather than a fixed pattern such as a step or exponential function of time as in the conventional single-blow techniques. This results in more flexibility in design of the air heating system and better accuracy in heat transfer evaluation.
(2) On the improved method; the conventional method has been improved in its accuracy and flexibility by : (i) describing the fluid temperatures by cubic spline polynomials ; (ii) dispensing the Laplace transformation on the inlet temperature function ; (iii) defining a new curve-matching criterion for better fitting of theoretical and experimental exit fluid temperatures.
By applying the methods developed in this study to the rotating disk system it has been discovered that rotation of disks increases the heat transfer rate and the rotation effect is large at a higher Reynolds number.
